Caspase-2 is an atypical caspase that regulates apoptosis, cell cycle arrest and genome maintenance, although the mechanisms are not well understood. Caspase-2 has also been implicated in chemotherapy response in lung cancer, but this function has not been addressed in vivo. Here we show that Caspase-2 functions as a tumor suppressor in Kras-driven lung cancer in vivo. Loss of Caspase-2 leads to enhanced tumor proliferation and progression. Despite being more histologically advanced, Caspase-2-deficient tumors are sensitive to chemotherapy and exhibit a significant reduction in tumor volume following repeated treatment. However, Caspase-2-deficient tumors rapidly rebound from chemotherapy with enhanced proliferation, ultimately hindering longterm therapeutic benefit. In response to DNA damage, Caspase-2 cleaves and inhibits Mdm2 and thereby promotes the stability of the tumor-suppressor p53. Caspase-2 expression levels are significantly reduced in human lung tumors with wild-type p53, in agreement with the model whereby Caspase-2 functions through Mdm2/p53 regulation. Consistently, p53 target genes including p21, cyclin G1 and Msh2 are reduced in Caspase-2-deficient tumors. Finally, we show that phosphorylation of p53-induced protein with a death domain 1 leads to Caspase-2-mediated cleavage of Mdm2, directly impacting p53 levels, activity and chemotherapy response. Together, these studies elucidate a Caspase-2-p53 signaling network that impacts lung tumorigenesis and chemotherapy response in vivo.
Few endogenous Caspase-2 cleavage targets have been identified making it difficult to fully understand Caspase-2 function. 4 More recently, it has become appreciated that Caspase-2 has non-apoptotic roles in cell cycle arrest, genome stability and tumor suppression, [5] [6] [7] yet the mechanisms behind these processes are incompletely understood.
Loss-of-function mutations and downregulation of Caspase-2 have been observed in a variety of hematological and solid malignancies. 8, 9 Caspase-2 functions as a tumor suppressor in mouse models of Eμ-Myc-driven lymphoma, c-Neu-driven mammary carcinoma and in SV40/Kras-transformed mouse embryonic fibroblasts. 6, 9, 10 Given that Myc, c-Neu and Kras function in diverse signaling pathways, Caspase-2 may act as a general tumor suppressor that cooperates non-specifically with oncogenes much like the tumor-suppressor p53. The tumor suppressor function of Caspase-2 is dependent on p53, and p53 induction is impaired in Caspase-2-deficient cells, suggesting Caspase-2 and p53 act in the same pathway. 5, 11 p53 is a transcription factor that mediates the response to a wide variety of cellular stresses and is the most commonly mutated gene across all cancer types, including lung cancer. 12, 13 Loss of p53 accelerates tumor development, promotes genomic instability and is associated with poor outcome. 14, 15 Although the role of p53 in chemotherapy response is controversial, in both mice and humans, p53 loss can improve response to chemotherapy in multiple tissues. [16] [17] [18] Our previous work in Kras-driven lung tumors suggests that cancer cells utilize wild-type p53 as a resistance mechanism to chronic cisplatin treatment.
Upon DNA damage, p53 induces expression of p53-induced protein with a death domain 1 (PIDD1).
20 PIDD1 promotes the assembly of a complex called the Caspase-2-PIDDosome, leading to the activation of Caspase-2. 21 We previously showed that Mdm2, a master regulator and inhibitor of p53, is a cleavage target of Caspase-2. 20 Caspase-2 cleaves the C-terminal E3-ubiquitin ligase domain of Mdm2 preventing Mdm2 from targeting p53 for proteasomal degradation. 22 Cleavage of Mdm2 increases protein levels of p53, elevates expression of p53 target genes including the cyclin-dependent kinase inhibitor p21, and induces cell cycle arrest. 22 It is predicted that Caspase-2 loss leads to increased Mdm2-mediated degradation of p53, ultimately serving as a direct mechanism to explain how Caspase-2 acts as a p53-dependent tumor suppressor. Interestingly, in response to DNA damage, Pidd1 is upregulated in chemoresistant Krasdriven lung tumors, presumably leading to higher Caspase-2 activity and p53-mediated cell cycle arrest. 19 However, the role of Caspase-2 in Kras-driven lung tumor development and chemotherapy response has not yet been addressed.
Here, we investigate the role of Caspase-2 in Kras G12D -driven lung tumorigenesis and chemotherapy response in vivo.
Results
Caspase-2 levels are significantly reduced in human lung adenocarcinoma with wild-type p53. Our previous work in lung cancer demonstrated that Caspase-2 directly enhances p53 function through Mdm2 cleavage. 22 Based on this model, we reasoned that selective pressure to lose Caspase-2 may occur preferentially in p53 wild-type lung tumors. To address this, we analyzed human lung adenocarcinoma data from The Cancer Genome Atlas (TCGA) publicly available data portal, containing both somatic mutation calls and gene expression profiles. Protein-altering mutations in Caspase-2 and p53 were observed in 2% (11/538 tumors with somatic mutations) and 53% of human lung adenocarcinomas, respectively. Caspase-2 mutant tumors were marginally enriched for p53 mutations (9/11 tumors, P = 0.0398, hypergeometric test). In addition, global downregulation of Caspase-2 mRNA has been observed in human cancers. 9 To probe the association between Caspase-2 expression levels and p53 mutation status, lung adenocarcinomas (459 tumors with mutation and gene expression data) were stratified based on p53 mutation status. We observed that 47% of tumors (217 of 459) were p53 wild-type versus 53% of tumors (242 of 459) harbored p53 mutations. Caspase-2 levels were significantly lower in p53 wild-type tumors compared with p53 mutant tumors (Figure 1a ). p53 target Figure 1 Caspase-2 levels are significantly reduced in human lung cancers with wild-type p53. Empirical cumulative density functions (ECDFs) of normalized and standardized expression values for Caspase-2 (a), p21 (b) and Mdm2 (c) are shown for TCGA lung adenocarcinoma tumors with protein-altering p53 mutations (blue) or tumors with wild-type p53 (red). In general, ECDF (y axis) estimates the fraction of tumors at or below a given value of gene expression. X axis represents normalized expression of indicated gene. P-values indicated in the figures. Left shift in a indicates lower expression of Caspase-2 in p53 wild-type tumors. Right shift in b and c indicates higher expression levels of p21 and Mdm2 in p53 wild-type tumors genes, p21 and Mdm2, however, were significantly enriched in p53 wild-type tumors (Figures 1b and c) . We also investigated expression of components of the Caspase-2-PIDDosome, Pidd1 and Raidd/Cradd. Pidd1 expression was not associated with p53 status, whereas Raidd expression was enriched in p53 wild-type tumors (Supplementary Figure S1 ). These data suggest that Caspase-2 mRNA downregulation is selectively enriched in p53 wild-type tumors, consistent with the model that Caspase-2 functions as a p53-dependent tumor suppressor through Mdm2 cleavage.
Caspase-2 is a tumor suppressor in Kras-driven lung cancer. Next, we sought to determine the impact of Caspase-2 loss using a mouse model of lung adenocarcinoma, the Lox-Stop-Lox (LSL)-Kras G12D/+ mice. 23 Lung tumors were generated in LSL-Kras G12D/+ mice that were Figure 3a) . Interestingly, we observed large tumors with necrotic centers specifically in KC2 − / − lungs, which we have not previously observed in Kras G12D -only lungs. We compared tumors of similar size from each genotype as well as Kras G12D /p53-null lungs that produce higher grade tumors, and Caspase-2 null tumors had significantly more necrotic centers than either genotype (Figures 3b-f ). In total, nine tumors with necrotic centers were identified in 20 KC2
− / − animals (45% frequency). To determine why tumors were larger and more advanced in the absence of Caspase-2, we quantified tumors for cellular proliferation using Ki67 and BrdU antibodies. Tumors in KC2 − / − mice exhibited increased proliferation compared with KC2 +/ − and KC2 +/+ tumors (Figures 3g-j, Supplementary Figure S2A ). To test whether Caspase-2 loss impacts basal apoptotic rates, we stained tumor sections with antibodies to cleaved Caspase-3 (CC3) or via TUNEL. We observed low basal apoptotic rates that were not significantly altered upon Caspase-2 loss (Supplementary Figure S2BC) . High lung Figure S2D) . Taken together, these data suggest that Caspase-2 functions as a tumor suppressor in lung cancer by regulating cellular proliferation.
Caspase-2-deficient tumors have reduced p53 activity but respond to chemotherapy in vivo. We previously demonstrated that activation of the Caspase-2-PIDDosome promotes chemotherapy resistance in human lung cancer cells, suggesting that loss of Caspase-2 may enhance chemosensitivity. To test whether Caspase-2 impacts the response to acute genotoxic stress, mice were treated with a single dose of cisplatin (7 mg/kg) 12 weeks after tumor initiation. We have observed that compared with Ki67 staining, which is retained in non-proliferating cells for a considerable time period, 24 BrdU incorporation is a more sensitive measure of cell cycle arrest following chemotherapy treatment. Ki67 staining, however, is more sensitive at detecting basal changes in proliferation, likely because BrdU labels considerably fewer cells in this protocol. To assess proliferation changes following chemotherapy, we analyzed BrdU incorporation and found that cisplatin treatment significantly reduced cellular proliferation regardless of Caspase-2 status (Figure 4a ). Whereas BrdU analysis did not detect significant differences in basal tumor proliferation based on Caspase-2 genotype, Ki67 staining of tumors from the same animals revealed a significant increase in tumor proliferation in KC2 − / − mice (Supplementary Figure S3A) . Consistently, we observed a significant induction of p21 in tumors from mice treated with cisplatin regardless of genotype ( Figure 4b ). In response to cisplatin, we also observed an increase in CC3-positive cells in KC2 − / − mice that was not observed in KC2 +/+ or KC2 +/ − mice at this time point (Figure 4c) . Expression of the pro-apoptotic gene Bax was significantly induced in both KC2 +/+ and KC2 − / − tumors ( Figure 4d ). These data demonstrate that Caspase-2 deficiency does not hinder initial cell cycle arrest and apoptosis in response to chemotherapy, and may even sensitize tumors to apoptosis.
Our previous work demonstrated that the Caspase-2-PIDDosome promotes p53 activity in a positive feedback loop. 22 Therefore, we predicted that loss of Caspase-2 may be +/+ (n = 6 mice each) and KC2 − / − mice (n = 5 mice each) treated with PBS or cisplatin and analyzed by real-time RT-PCR after 72 h. *Po0.05, **Po0.01, ***Po0.001, ****Po0.0001 using Student's unpaired t-test. NS = not significant. Numbers in each bar indicate the number of tumors quantified per genotype associated with a reduction in p53 activity. To address this, we analyzed expression of additional p53 target genes in KC2 +/+ and KC2 − / − tumors treated with or without a single dose of cisplatin by real-time RT-PCR. Apoptotic genes including Puma and Noxa were induced by cisplatin, and to a significant level in KC2 − / − tumors. Although basal levels of apoptotic genes tended to be lower in KC2 − / − tumors, these data were not significant (Figures 4e and f) . Genes involved in cell cycle arrest and DNA damage repair, including p21, cyclin G1 and Msh2, were significantly lower in KC2 − / − tumors at the basal level (Figures 4b, g and h) . However, p53 target genes controlling cell cycle arrest and DNA repair were induced upon cisplatin treatment in KC2 − / − tumors. These data suggest that basal p53 activity is significantly dampened in the absence of Caspase-2, but that upon DNA damage, KC2
− / − tumors are capable of inducing p53 target genes to levels similar to KC2 +/+ tumors. These data imply that Caspase-2-deficient tumors are histogically advanced but maintain p53. To test this directly, we examined levels of p53 mRNA, which did not change upon cisplatin treatment or by Caspase-2 genotype (Figure 4i ). To determine whether p53 had acquired point mutations, we sequenced p53 mRNA from macro-dissected lung tumors (n = 9-11 tumors per genotype) from KC2 +/+ and KC2 − / − mice or normal lung control. We did not detect p53 mutations in tumors regardless of Caspase-2 genotype suggesting that Caspase-2-deficient tumors maintain wildtype p53 (Supplementary Figure S3B) .
Caspase-2-deficient tumors rapidly resume proliferation following chemotherapy. To further investigate cisplatin response in KC2
− / − mice, we used micro-computed tomography (microCT) imaging to analyze the response of individual tumors longitudinally. Mice were imaged before and after two doses of cisplatin (one dose per week) and individual tumor volumes were quantified (Figure 5a ). Following two doses of cisplatin treatment, lung tumors demonstrated significant growth inhibition irrespective of genotype (Figure 5b) . Thus, although loss of Caspase-2 accelerates tumorigenesis, Caspase-2-deficient tumors maintain chemosensitivity similar to mice lacking p53 or p21. 17, 19 To determine the effect of Caspase-2 on long-term cisplatin response, we used a previously established regimen of cisplatin treatment whereby mice are treated with two doses of cisplatin followed by a 2-week recovery period before receiving two additional doses of cisplatin (four total doses). 19 We analyzed tumor volume change before and after the second cycle of cisplatin (doses 3 and 4) by microCT imaging (Figure 5b ). Cisplatin-treated tumors in KC2 − / − mice displayed a significant reduction in tumor volume in response to the second cycle of cisplatin similar to KC2 +/+ tumors, demonstrating that KC2 − / − tumors maintain sensitivity to chemotherapy over repeated treatment (Figure 5b) . Next, we analyzed tumor growth during the 2-week drug-free recovery period in between doses 2 and 3 ( Figure 5b ). This period is similar to the 'drug holiday' given to cancer patients to alleviate the negative side effects associated with therapy. Surprisingly, KC2 − / − tumors had a significant increase in tumor volume during the recovery phase, whereas no change was detected during this time period in KC2 +/+ littermates (Figure 5b) . Consistently, lung tumors in cisplatintreated KC2 − / − mice proliferated significantly more than KC2 +/+ and KC2 +/ − tumors during the recovery period as determined by BrdU incorporation (Figure 5c ). These findings demonstrate that tumors in KC2 − / − mice rapidly re-enter the cell cycle following cisplatin treatment. Loss of Caspase-2, therefore, may limit long-term therapeutic benefit because of enhanced proliferation and cellular recovery following chemotherapy.
Loss of Caspase-2 impacts long-term chemotherapy treatment. As Caspase-2 loss promoted a rapid rebound following chemotherapy response, we sought to determine the long-term impact of Caspase-2 loss on tumor burden. We treated KC2
+/+ and KC2 − / − mice with four doses of PBS control or cisplatin. Lung tumor volume was quantified by microCT imaging before the first treatment and 5 days after the fourth treatment (Figure 6a ). Untreated tumors from both KC2 +/+ and KC2 − / − mice grew over time, and cisplatin treatment caused a significant reduction in tumor growth in both genotypes (Figure 6b ). To take into consideration the total tumor burden, H&E-stained sections were analyzed for total tumor burden in an independent cohort of mice killed after the fourth dose of cisplatin. Cisplatin caused a reduction in tumor burden irrespective of genotype (Figures 6c and d) . However, KC2
− / − mice exhibited significantly greater tumor burden following four doses of cisplatin compared with KC2 +/+ and KC2 +/ − littermates (10% versus 2%, respectively; Figure 6d ). In addition, tumors remaining in KC2 − / − mice following cisplatin treatment were significantly larger than KC2 +/+ tumors (Figure 6e ). Together, these data demonstrate that Caspase-2 loss impedes the long-term benefit of cisplatin treatment in Kras-driven lung tumors.
PIDD1 phosphorylation regulates Mdm2 cleavage and p53 activity. Our previous work demonstrated that high basal phosphorylation of the checkpoint kinase Chk2 and genomic instability were associated with cisplatin-resistant lung tumors in this model. 19 High basal phospho-Chk2 suggests that resistant tumors may have increased ATM activity, potentially as a result of genomic instability. Recently, Ando et al. showed that ATM phosphorylates PIDD1 on Thr788 and this phosphorylation is critical for Caspase-2-PIDDosome formation. 25 Activation of the Caspase-2-PIDDosome promotes Mdm2 cleavage and resistance to a variety of genotoxic agents in a p53-dependent manner. 22 Together, this suggests that an ATM-Caspase-2 signaling pathway may regulate chemoresistance in p53 wild-type lung tumor cells. Whether PIDD1 phosphorylation impacts Caspase-2 cleavage targets and the biological response of p53 wild-type cells has not been tested. To investigate the impact of PIDD1 phosphorylation on Mdm2 cleavage, we stably expressed PIDD1 mutants that either mimic or prevent T788 phosphorylation in p53 wild-type lung cancer cell lines A549 and SW1573 using retroviral infection (Figure 7a ). Wildtype and phospho-mimetic PIDD1 T788D, but not phosphomutant PIDD1 T788A, were sufficient to activate Caspase-2 as demonstrated by the absence of pro-Caspase-2 ( Figure 7a) . Importantly, only wild-type PIDD1 and PIDD T788D led to Mdm2 cleavage product, p60 (Figure 7a ).
Mdm2 cleavage was associated with increased p53 and p21 protein levels as predicted (Figure 7a ). Upon PIDD1 expression, cells exhibited undetectable or low levels of PARP cleavage (Figure 7a ), but this did not lead to apoptosis as assessed by subG1 cell cycle analysis (Supplementary Figure S4A) . Consistent with p21 induction, expression of wild-type and T788D PIDD1, but not T788A, led to G1-cell cycle arrest as measured by propidium iodide staining and flow cytometry (Figure 7b) . Finally, expression of PIDD1 T788D led to enhanced cell viability in the presence of cisplatin similar to wild-type PIDD1 (Figure 7c ). These data demonstrate that PIDD1 phosphorylation directly impacts Mdm2 cleavage, p53 activity and chemotherapy response.
To investigate the requirement for p53 in chemoresistance induced by Caspase-2-PIDDosome activation, we performed the same experiments in the p53 isogenic cell lines, HCT116 . Wild-type and T788D PIDD1 promoted Caspase-2 activation and Mdm2 cleavage regardless of p53 status. In the absence of p53, cleaved Mdm2 cannot promote p53 activation and thus, p21 induction is abolished (Figure 7d) . These findings support a critical role for PIDD1 T788 phosphorylation in Caspase-2-mediated Mdm2 cleavage and p53-dependent drug resistance.
DNA damage activates p53 leading to PIDD1 expression, activation of the Caspase-2-PIDDosome and Mdm2 cleavage. 21, 22 We hypothesized that ATM inhibition should block endogenous PIDD1-induced activation of Caspase-2 and reduce Mdm2 cleavage and p53 levels. To test this, we treated cell lines with the ATM inhibitor KU55933 in the presence of a sublethal dose of cisplatin. KU55933 treatment attenuated Caspase-2 activity as demonstrated by reduced accumulation of Mdm2 cleavage product (Figure 7e) . Furthermore, KU55933 treatment led to corresponding reductions in p53 and p21 levels Figure S4B) . Combining KU55933 with cisplatin significantly increased cell death compared with cisplatin alone at multiple concentrations of cisplatin (Figure 7f) . Together, these results suggest a model whereby PIDD1 phosphorylation promotes Caspase-2-PIDDosome-mediated cleavage of Mdm2, leading to enhanced p53 activity, cell cycle arrest and drug resistance (Figure 7g ).
Discussion
We show that Caspase-2 acts as a tumor suppressor in lung cancer by blocking tumor cell proliferation and progression. Loss of Caspase-2 does not hinder the initial response of lung tumors to chemotherapy. However, Caspase-2-deficient tumors rapidly re-enter the cell cycle following chemotherapy-induced growth arrest, ultimately impeding long-term therapeutic benefit. Caspase-2 thus acts similar to p53 in lung cancer, in that loss of p53 accelerates cell proliferation and tumor progression but is not required for chemosensitivity. 19 Our previous work demonstrated that loss of Caspase-2 leads to increased levels of its cleavage target, Mdm2, with a corresponding decrease in p53, ultimately establishing a direct mechanistic link between loss of Caspase-2 and decreased p53 activity. 22 Consistently, Caspase-2-deficient tumors have reduced expression of p53 target genes involved in cell cycle arrest and DNA damage repair.
Caspase-2 acts as a tumor suppressor in lymphoma and mammary tumor models driven by expression of Myc and Neu oncogenes, respectively. 6, 10 Our studies show that loss of Caspase-2 also enhances tumorigenesis in the context of oncogenic Kras in the lung. Caspase-2 mutations have been found in lung cancer and decreased Caspase-2 expression is found in multiple cancer types. 9, 26 Consistent with the model that Caspase-2 acts as a p53-dependent tumor suppressor, we observe that Caspase-2 levels are significantly reduced in p53 wild-type human adenocarcinomas compared with tumors with p53 mutations. An alternative explanation for this association is that p53 can repress Caspase-2 expression. 27 Despite the mechanism by which Caspase-2 expression is reduced in p53 wild-type tumors, this reduction may contribute to reduced p53 activity by abolishing the Caspase-2-Mdm2-p53-positive feedback loop. 22 Together, this suggests that Caspase-2 acts as a general tumor suppressor, reminiscent of p53, which cooperates with numerous oncogenes to prevent tumorigenesis in multiple tissues. Our data suggest that the primary mechanism of tumorigenesis upon Caspase-2 loss in vivo is increased cellular proliferation, consistent with in vitro studies where knockdown of Caspase-2 accelerates cell growth. 6, 28 We observed significant reductions in the expression of basal p53 target genes including p21, cyclin G1 and Msh2, providing a potential mechanistic link to the loss of growth control and advanced histopathology observed in Caspase-2 null tumors. Loss of expression of these genes may be involved in the genome maintenance functions of Caspase-2 as well. 5, 7 Our previous work implicated the Caspase-2-PIDDosome in drug resistance in p53 wild-type lung tumors, suggesting that loss of Caspase-2 may confer drug sensitivity. Although loss of Caspase-2 did not dramatically enhance chemosensitivity per se, it did not hamper initial drug sensitivity or drug sensitivity following repeated doses, despite the fact that Caspase-2-deficient tumors were more advanced than wildtype tumors. MicroCT imaging and tumor proliferation studies indicated that Caspase-2 loss inhibits the long-term response to chemotherapy by accelerating tumor recovery following DNA damage. Similar to our lung tumor model, mammary tumors with wild-type p53 also arrest in response to chemotherapy, limiting their therapeutic benefit compared with p53-null tumors that continuously respond to treatment. 17 Furthermore, a p53-like gene expression signature is associated with platinum-based chemotherapy resistance in human bladder cancer. 18 Our previous studies demonstrated that chemoresistant Kras-driven lung tumors have high basal phosphoChk2, suggesting elevated ATM activity. 19 Recent studies demonstrated that ATM phosphorylates PIDD1 and this modification is required for the formation of the Caspase-2-PIDDosome. However, the impact of PIDD1 phosphorylation on Caspase-2 cleavage targets was not investigated. 25 We show that phosphorylation of PIDD1 is sufficient to induce Mdm2 cleavage, and enhance p53 activity, cell cycle arrest and drug resistance in human lung cancer cells. Together with our previous report of increased Pidd1 expression in resistant tumors responding to DNA damage, these findings suggest that ATM-induced PIDD1 activity may contribute to cell cycle arrest and chemoresistance in vivo. Although these data suggest that PIDD1 phosphorylation serves as one mechanism of Caspase-2 activation, PIDD1-independent regulation of Caspase-2 has also been reported. 11 Future studies should address whether pharmacological modulation of ATM or Caspase-2 in an acute manner enhance chemotherapy response in p53 wild-type tumors.
In contrast to previous studies, our results implicate the Caspase-2-PIDDosome in cell cycle arrest as opposed to apoptosis. 25 An important difference between these studies is that PIDD1-induced apoptosis was observed in the context of p53-deficient cells with Chk1 inhibition. 25 We observe that PIDD1 phosphorylation dictates Caspase-2 activity and Mdm2 cleavage in p53 wild-type cells in the absence of Chk1 inhibition. This suggests that activation of the Caspase-2-PIDDosome is potentially relevant to a much broader cellular context than previously described and may serve to protect cells from reparable amounts of DNA damage.
Materials and Methods
Mouse breeding and drug treatment. Mice were housed in an environmentally controlled room according to the Committee of Animal Care. LSL-Kras G12D/+ mice were kindly provided by Tyler Jacks and Casp2 tm1Yuan -deficient mice were purchased from Jackson Labs (Bar Harbor, ME, USA). Mice were backcrossed over six generations and bred onto a 129svJae background. Mice were infected with 6.47 × 10 7 plaque-forming units of AdCre (University of Iowa) by intranasal instillation as described previously 15 and allowed to develop tumors for 8-12 weeks before cisplatin treatment. Mice were given freshly prepared cisplatin (7 mg/kg body weight in PBS, Sigma, St. Louis, MO, USA) or PBS by Human lung adenocarcinoma bioinformatics. Gene expression profiles and somatic mutation calls for a large collection of lung adenocarcinoma tumors (n = 459 primary tumors from the RNASeqV2 collection) were downloaded from "The Cancer Genome Atlas" (TCGA) data portal (https:// tcga-data.nci.nih.gov/tcga/tcgaHome2.jsp). Expression levels of selected genes were analyzed between tumors with protein-altering mutations in the P53 gene (n = 242 tumors) and tumors with wild-type P53 (n = 217). Briefly, RNA-seq gene expression levels were normalized to reads per kilobase exon per million mapped reads (RPKM). Normalized reads per kilobase exon per million mapped expression values for the selected gene were standardized into z-scores (mean = 0, s.d. = 1) and the nonparametric Kolmogorov-Smirnov test was used to assess significance between the empirical distribution functions of the p53 mutant and wild-type sample sets.
